The last steps of cysteine biosynthesis are catalysed by a bi-enzyme complex composed of serine acetyltransferase (SAT) and cysteine synthase, also called O-acetyl-serine (thiol) lyase (OASTL). SAT is responsible for the production of O-acetyl-serine (OAS) from serine and acetyl-coenzyme A, while OASTL catalyses the formation of cysteine from OAS and hydrogen sulphide. Several distinct nuclear genes for SAT and OASTL enzymes exist in plants. Products of these genes are targeted into at least three cellular compartments: cytosol, chloroplasts, and mitochondria. The SAT and OASTL enzymes are strongly evolutionary conserved, both structurally and functionally. Therefore, isoenzymes from various cellular compartments can be substituted, not only by their plant counterparts from the other cellular compartments but also by their bacterial homologues. During the last decade transgenic plants overproducing SAT, OASTL or both enzymes simultaneously were obtained independently by several research groups. These manipulations led not only to the elevated levels of the respective products, namely OAS and cysteine, but also to increased amounts of glutathione and changes in the levels of other metabolites and enzymatic activities. In several cases, the transgenic plants were also shown to be less susceptible to applied abiotic stresses. In this review, all published and some unpublished results from this laboratory related to heterologous overproduction of SAT and OASTL in transgenic plants are discussed and summarized.
Introduction
Regulation of sulphur assimilation is complex and takes place on multiple levels. For the obvious reasons only some of these regulatory mechanisms are common for bacteria and plants. In bacteria, most of the processes responsible for the regulation of sulphur flow from sulphate to cysteine are quite well characterized (Kredich, 1996) . The regulatory mechanisms functioning in plants, especially at the transcriptional level, are not yet fully understood. However, considerable knowledge exists concerning allosteric and metabolic control of sulphate flux. These aspects were recently reviewed, and therefore only the most important elements of the regulatory system described in detail elsewhere (Leustek et al., 2000; Noji and Saito, 2002; will be pointed out. Firstly, sulphate transport and assimilation activities are up-regulated by sulphur deprivation and OAS feeding. It is worth emphasizing that OAS appears not only as an intermediate but also as a potential signalling element of the system. Factors directly participating in the regulation have not been identified yet. This regulation takes place at the gene expression level and, at least in the case of adenosine 59-phosphosulphate reductase (APR), at the level of protein enzymatic activity (Koprivova et al., 2000; Hesse et al., 2003) . Secondly, according to the model proposed for Arabidopsis thaliana (Noji et al., 1998) the feedback inhibition of the cytosolic SAT isoform by cysteine plays a central role in regulation of the level of OAS in the cytosol, while the SAT isoforms localized in mitochondria and chloroplasts are insensitive to this inhibition. It is necessary to point out that a discrepancy exists in the literature concerning the cellular localization of the SAT forms sensitive to the feedback inhibition by cysteine (Droux, 2003) . This inconsistency can be explained by the species-specific differences, diverse methods of SAT purification and/or by the fact that some SAT isoforms can be phosphorylated by calciumdependent protein kinases that leads to their insensitivity to feedback inhibition by cysteine (Yoo and Harmon, 1997; Saito, 2000) . Thirdly, the other important regulatory circuit is connected with the formation of the bi-enzymatic cysteine synthase complex consisting of SAT and OASTL. This level of regulation is particularly important for an understanding of the consequences of overproduction of the enzymes forming the complex. Therefore, the model proposed previously (Hell and Hillebrand, 2001 ) will be summarized and the significance of complex formation will be discussed.
Functional complementation of bacterial mutants was used by several research groups as a method of cloning plant cDNAs encoding SAT (Roberts and Wray, 1996; Howarth et al., 1997 Howarth et al., , 2003 Wirtz and Hell, 2003) and OASTL (Saito et al., 1993; Noji et al., 1994) isoforms or as a method of confirming the specific function of the cloned cDNA (Wirtz and Hell, 2003; Chronis and Krishnan, 2004) . The success of such approaches, together with computer analysis of the available structures of SAT and OASTL proteins, indicate that both enzymes are evolutionally conserved and that most of the important steps of cysteine biosynthesis are similar in bacteria and plants. In addition, the bacterial isoforms of SAT and OASTL are active in plants. Heterologous overproduction of enzymes of the sulphate assimilation pathway from organisms that are evolutionary distant might be a good approach to obtain changes in the levels of compounds containing reduced sulphur in plants. It might be expected that such an approach could overcome the intrinsic regulatory mechanisms functioning in plants that are responsible for the tight control of this metabolic trail. Similar effects could be achieved by using the mutated versions of the enzymes that would be insensitive to the plant control mechanisms.
Significance of the SAT-OASTL complex formation
SAT and OASTL enzymes form an enzymatic complex through specific protein-protein interactions. No crystal structure of the SAT-OASTL complex is yet available. The domains of SAT protein responsible for SAT-SAT and SAT-OASTL interactions have been well characterized by deletion mapping and two-hybrid experiments (Bogdanova and Hell, 1997; Wirtz et al., 2001) . On the other hand, despite resolving of the three-dimensional structure of the bacterial OASTL-OASTL dimmer (Burkhard et al., 1998) , the sequences responsible for interaction with SAT are not yet identified in OASTL. Mapping of the amino acids responsible for interactions with SAT by deletion analysis of OASTL is quite difficult because of the complex arrangement of the interaction surfaces in the latter protein (Burkhard et al., 1998; Campanini et al., 2003) .
The formation of a SAT-OASTL complex plays an important role in the regulation of both enzymatic activities (for recent reviews see Hell et al., 2002; . OASTL is active only in a free form since it is allosterically inactivated in a complex. By contrast, SAT activity relies on the association with OASTL since free SAT is inactive (Droux et al., 1998; Wirtz et al., 2001) . Sulphide stimulates the formation of the complex, while OAS stimulates its dissociation. Recently obtained kinetic data provide clear evidence for a function of the complex as a regulatory switch for the flux of primary sulphur metabolism in the cell . The hypothesis explaining the significance of SAT-OASTL complex formation and its influence on the regulation of the sulphur assimilation pathway has recently been proposed (Hell and Hillebrand, 2001) . The most important features of the model are shown in Fig. 1 .
Effects of SAT overproduction
Effects of heterologous SAT overproduction, either in the cytosol or in the chloroplasts, indicate that SAT activity is a factor limiting the amount of cysteine and glutathione produced by the plants since, in most transformants, Fig. 1 . The model explaining the significance of the SAT-OASTL complex formation (according to . The most important features of the model are as follows: (1) in the presence of sufficient sulphur in the cell, SAT and OASTL are associated because sulphide stabilizes the complex; (2) OAS is released from the complex because of the low affinity of bound OASTL to the substrate; (3) OAS is consumed by the free OASTL to produce cysteine. About 5% of the OASTL is in a complex, while 95% stays as a free enzyme. During sulphur deficiency, the sulphide level drops and OAS accumulates to concentrations sufficient effectively to dissociate SAT-OASTL complex (4), as a consequence SAT becomes less active (degradation or modification) and, at the same time, OAS triggers the de-repression of the genes responsible for sulphate uptake and assimilation (5). A system becomes reversible because sulphate enters the cell and, after reduction, sulphide is incorporated into cysteine in a reaction catalysed by free OASTL that utilizes the accumulated OAS, lower OAS levels promote the formation of the SAT-OASTL complex. It is also shown that SAT (at least its cytosolic form) is a subject of feedback inhibition by cysteine (6).
regardless of the targeting compartment and SAT isoform, the contents of non-protein thiols were higher than in the controls. A summary of the published works containing information concerning SAT overproduction in transgenic plants are included in Table 1 . It has previously been reported (Creissen et al., 1999) that tobacco plants overproducing the chloroplast-targeted c-glutamylcysteine synthase (cECS) had about 3-fold elevated levels of glutathione. Necrotic lesions on the leaves of the transformants were also observed. The authors suggested that such transformants suffered due to a failure of the redoxsensing process in the chloroplasts. It is worth mentioning that most researchers studying the effects of SAT overexpression emphasize that, despite elevated thiol levels, the SAT overproducers did not show any disease-like symptoms and plants had the normal wild-type (wt) phenotype. The lack of necrosis in these transformants might be a result of differences in experimental plant growth conditions (lower light intensities), lower glutathione levels than in cECS-overproducers, or it might indicate the advantage of this approach as a means of obtaining plants with raised levels of glutathione.
Overproduction of bacterial SAT
The effects of constitutive overexpression of the Escherichia coli cysE gene, encoding SAT, had been independently studied in two plant species, tobacco and potato. Transgenic potato lines with bacterial SAT targeted to the chloroplasts had increased levels of cysteine and glutathione in leaves, but not in tubers (Harms et al., 2000) . The thiol content was maximally 2-fold higher in the green tissues of the best transgenics than in the control plants. However, neither expression patterns nor activity of cytosolic and chloroplastic OASTL isoforms were influenced by the increased thiols.
Additional data are available from transgenic tobacco plants. Bacterial SAT, either wild type or its mutated form (mutation changing Met 256 into Ile), which is less sensitive to the feedback inhibition by cysteine (Denk and Bock, 1987; Nakamori et al., 1998) had been targeted either to the chloroplasts or to the cytosol (Blaszczyk et al., 1999) . As in potato, no obvious phenotypic effects of SAT overproduction were observed in transformants under non-stressed conditions. The following groups of transformants were obtained: (i) RCEM producing chloroplastic mutated SAT; (ii) RCE producing chloroplastic wt SAT; (iii) CEM containing mutated SAT in the cytosol; and (iv) CE producing wt SAT in cytosol. Although the fold of elevation of thiol levels in the leaf tissues varied between the individuals, transformants with the 2-3-fold higher cysteine and glutathione levels could be identified in each group. Moreover, the leaf tissues of the transgenic plants were shown to be more resistant than the control to the oxidative stress generated by hydrogen peroxide, as determined by the level of chlorophyll remaining after the treatment. The increased resistance was observed in plants from all four groups of transformants and was generally correlated with the level of glutathione in the leaves. In subsequent studies (Blaszczyk et al., 2002 ) the T 1 and T 2 progeny from one transgenic line selected from each group had been characterized biochemically in more detail. An increased level of non-protein thiols have been found in all SAT overproducers, however, the levels of these compounds was lower in the T 2 and T 1 generations than in T 0 of the same plant lines. The comparative statistical analysis of the plants containing bacterial SAT located in the cytosol to the plants containing bacterial SAT targeted to the chloroplasts was performed (Blaszczyk et al., 1999 (Blaszczyk et al., , 2002 . However, only tentative conclusions can be drawn because the number of independent transgenic lines used in this study was rather small and some of the interesting correlations cannot be sufficiently statistically evaluated. Yet, they seem to point out some of the important features of sulphur metabolism in plants and might show the directions for future studies. For example, only in the group of plants producing bacterial SAT in the cytosol (but not in the chloroplasts) was the level of glutathione negatively correlated with sulphate (correlation coefficient ÿ0.71) and total sulphur (correlation coefficient ÿ0.69). It might suggest that there are some limitations in the transport of 
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Cytosol/chloroplasts Elevated level of cysteine and glutathione Wirtz and Hell, 2003 OAS, cysteine, and glutathione between these compartments and, moreover, what is more speculative, that the cytosolic (but not chloroplastic) glutathione levels are involved in the regulatory circuit influencing the expression of the genes responsible for sulphate transport and assimilation. It has been postulated previously that external glutathione is a negative regulator of sulphate transport (Smith et al., 1997; Bolchi et al., 1999; Vidmar et al., 2000) . On the other hand, a positive correlation between cysteine and glutathione levels (correlation coefficient above +0.7) in all SAT overproducers was found, independently of the SAT targeting compartment. It might suggest that the process of glutathione production from cysteine (a two-step reaction catalysed subsequently by cECS and glutathione synthase) can run independently in both cellular compartments or that cysteine is rapidly transported to the compartment where glutathione synthesis takes place. Glutathione can be synthesized in both compartments, cytosol and chloroplasts, and the control of its concentration and redox state is a result of a complex interplay between biosynthesis, utilization, degradation, and transport (Noctor et al., 2002) . Finally, it is worth emphasizing that, in the tobacco SAT overproducers, particularly in the 'cytosolic' transformants, elevated OASTL activities were found. Moreover, all transgenic tobacco plants had an increased activity of glutathione-S-transferase and, what is even more interesting and less expected, a moderate but statistically significant increase of the soluble protein contents in their leaf tissues (Blaszczyk et al., 2002) .
Overproduction of plant SAT isoforms
Four groups of SAT-overproducing Arabidopsis transformants have been obtained using the gene from watermelon encoding either wt SAT or its mutated allele encoding SAT insensitive to the feedback inhibition by cysteine due to the presence of the mutation changing Gly 227 into Cys. The proteins were targeted either to cytosol or to chloroplasts (Noji and Saito, 2002) . In watermelon, the product of this gene is localized in the cytosol. In Arabidopsis, its chloroplastic location was achieved due to the fusion with a transit peptide from the small subunit of Rubisco. The constitutive overexpression of the mutated gene for SAT in any of the compartments resulted in an elevated level of OAS and cysteine, however, the overexpression of the wt gene for SAT did not. Interestingly, glutathione contents increased in all four groups of Arabidopsis transformants. The authors explain that this is an indication of an enhanced metabolic flux through cysteine to glutathione in all groups of transgenic plants. Elevation of the glutathione level was higher in the transformants producing SAT encoded by the mutated gene than by the wt gene. Therefore, a significant value of this work is the demonstration in vivo of the importance of the feedback inhibition of SAT activity by cysteine for the regulation of sulphur assimilation (Noji and Saito, 2002) .
The strategy of overexpression of a feedback-insensitive SAT was also applied to tobacco by another research group (Wirtz and Hell, 2003) . The cDNA encoding SAT A from Arabidopsis thaliana, that was previously shown to be insensitive to the feedback inhibition by cysteine, was constitutively expressed in tobacco with and without the fusion peptide targeting the protein to the plastids. The subsequent analyses were performed on the T 1 progeny of the primary transformants. SAT activity was strongly increased in both groups of SAT-overproducers, cytosolic and chloroplastic. The cysteine levels were, on average, elevated 3-fold by cytosolic targeting and 6-fold by plastidic targeting of the Arabidopsis SAT A, while the glutathione levels were, on average, increased 3-fold independently on the type of the transformants (Wirtz and Hell, 2003) .
Effects of OASTL overproduction
Under non-stressed conditions, overproduction of OASTL in plants seems to have less significant effects on the level of the non-cellular thiols than overproduction of SAT. It is not surprising considering the fact, that in pea in vivo, OASTL is present at a huge molar excess over SAT in all compartments (Ruffet et al., 1995; Droux, 2003) . In fact, it is unclear how to explain the observed increase of thiol levels in tobacco OASTL-transformants without modification of the current models. One possibility is that the OASTL/SAT ratio in tobacco might be much lower than in pea. Nevertheless, under stress conditions, OASTLoverproducing transformants contain more thiols and are more tolerant to stress than the control plants suggesting that the increased potential for cysteine synthesis in such conditions still give them an important advantage. The summary of the published works containing information concerning OASTL-overproduction in transgenic plants are included in Table 2 .
Overproduction of bacterial OASTL
These authors have recently overexpressed the bacterial cysK gene encoding cysteine synthase in tobacco plants. Two types of transgenic tobacco lines were obtained. In CK transformants, bacterial OASTL was targeted to the cytosol and in RCK to the chloroplasts due to the fusion of the product of the cysK gene with the leader peptide from the small subunit of tomato Rubisco (Liszewska and Sirko, 2003; F Liszewska and A Sirko, unpublished results) . The plants had an elevated OASTL activity and an elevated level of non-protein thiols. An important and puzzling observation was the bleaching of the older leaves in young plants of RCK transformants with the highest OASTL activity (Fig. 2) . In some individual plants of RCK lines, similar symptoms could be observed during entire plant development. Obviously, the elevation of OASTL activity in the chloroplasts seems to have harmful effects on chlorophyll contents and/or plant metabolism.
Finally, the CK lines are also slightly more tolerant than the control to cadmium. The CK seedlings grown for 3 weeks in the presence of 300 lM CdCl 2 germinated better and were less yellow and less bleached (contained more chlorophyll) than the seedlings of the control line (F Liszewska and A Sirko, unpublished results) . No data concerning the cadmium-tolerance of RCK transformants are yet available.
Overproduction of plant OASTL isoforms
Transgenic tobacco lines producing various isoforms of plant OASTL have been obtained and analysed by several independent research groups.
The Cys1 cDNA from wheat (Triticum aestivum) encoding OASTL was used for tobacco transformation (Youssefian et al., 1993 ). An elevated OASTL activity was observed in all 'sense' transformants, while the 'antisense' transformants had OASTL activity on the level of the control plants. The most significant observation of this study was an increased resistance of the transgenic plants to H 2 S fumigation. One of the transgenic lines was selected for subsequent studies (Youssefian et al., 2001) . Despite only a slight increase of non-protein thiols observed in the plants under non-stressed conditions, transformants were significantly more resistant than the controls to the damage caused by SO 2 fumigation. Moreover, cysteine and glutathione levels became particularly elevated in these plants upon SO 2 exposure. An accumulation of the transcript of Cu/Zn superoxide dismutase (SOD), known to be induced by cysteine or glutathione was observed in the OASTL-overproducers. In addition, the treatment with the substrates for cysteine biosynthesis (sulphite and OAS, combined) resulted in the strong elevation of SOD activity in the OASTL overproducers, but not in the controls. The transgenic plants were also more tolerant to the oxidative damage caused by methyl viologen showing less chlorosis and less electrolyte leakage than the controls (Youssefian et al., 2001) .
The cytosolic OASTL A (CS A) cDNA from spinach (Spinacia oleracea) was used for tobacco transformation. The OASTL protein was targeted either to cytosol or to chloroplasts after fusion with a sequence for chloroplasttargeting transit peptide of the small subunit of pea Rubisco . All transformants had increased OASTL activities, but only a slight elevation of cysteine and glutathione levels, regardless from the targeting Fig. 2 . Comparison of the 6-week-old CK-7 and RCK-9 seedlings germinated and grown in vitro (on MS medium).
Effects of overproduction of SAT and OASTL 1885 compartment for spinach OASTL. However, significantly enhanced cysteine formation was observed in the leaf discs of chloroplastic transformants upon sulphite incubation. These leaf discs were also partially resistant to sulphite toxicity, possibly due to the metabolic detoxification of sulphite by fixing into cysteine. Subsequently, the double transgenic tobacco plants overproducing spinach OASTL in the cytosol and the chloroplasts simultaneously were created by cross-pollination of two single transformants (Noji et al., 2001) . Although the contents of cysteine and glutathione was increased in a similar way in all three types of transformants compared with the controls, the double transgenics were more resistant to SO 2 and methyl viologen than any of the single transformants. Additional proof for the important role of increased cysteine availability in the tolerance of plants to cadmium was obtained by using transgenic Arabidopsis plants constitutively overproducing cytosolic OASTL due to the presence of an additional copy of the Atcys-3A gene in their genomes (Dominguez-Solis et al., 2001) . Up to a 9-fold overexpression of the Atcys-3A gene from Arabidopsis did not result in increased thiol content under the non-stressed conditions, however, the OASTL overproducers were more tolerant than the controls to the high concentration of cadmium. Interestingly, treatment with 250 lM CdCl 2 produced opposite effects in the control and in the transformants, a 30% decrease of reduced glutathione content in wt and an increase of 54% in the OASTLoverproducing plants (Dominguez-Solis et al., 2001) . Unfortunately, no data about the phytochelatins contents are available for these plants .
The cytosolic cysteine synthase gene, RCS1, from rice (Oryza sativa) was introduced into tobacco (Harada et al., 2001) . The transgenic plants were shown to be more tolerant to cadmium than the control plants, as explained by the authors, most probably due to higher concentration of sulphur-containing compounds able to detoxify cadmium.
Simultaneous overproduction of SAT and OASTL
The double tobacco transformants producing two E. coli enzymes, SAT and OASTL, were obtained in this laboratory by super-transformation of the cysE-expressing plants with the cysK-containing construct (Liszewska et al., 2001; Liszewska and Sirko, 2003) . Six independent transgenic lines were obtained, one CEK line, after transformation of the CE-20 line (wt SAT in the cytosol), four CEMK lines, after transformation of the CEM-12 line (mutated SAT in the cytosol), and one RCEK line, after transformation of the RCE-5 line (wt SAT in the chloroplasts). Inefficiency in production of the double transformants with both enzymes targeted to the chloroplasts can be explained by the fact that the levels of acetyl-coenzyme A and other forms of coenzyme A are low in the chloroplasts (Roughan, 1997) . Therefore, it is possible that, in RCEK plants, acetyl-coenzyme A becomes limiting for other metabolic reactions in the chloroplasts. A huge excess of bi-enzymatic SAT-OASTL molecules must exist in the chloroplasts of the 'chloroplastic' double transformants and it is known that SAT bound in a complex has a strong affinity for its substrates, including acetylcoenzyme A (Droux et al., 1998) .
Simultaneous overexpression of cysE (encoding SAT) and cysK (encoding OASTL A) in tobacco resulted in a higher level of total glutathione in most transgenic plants than the single overexpression of any of the above genes (Liszewska et al., 2001; Liszewska and Sirko, 2003) . On average, the double transformants containing Met 256 Ile SAT and OASTL targeted to the cytosol and wt SAT and OASTL targeted to the chloroplasts had 15-20% more of the total glutathione than the single transformants (Fig. 3) . By contrast, CEK plants, containing wt SAT and OASTL targeted to the cytosol did not have more of the total glutathione than the single CK and CE transformants. A simple explanation of these results would be the silencing of the expression of the cysE gene in the CEK line, since rather low SAT activity was detected in these plants (a progeny of a single CEK line). Two possible reasons for such a cessation of expression are possible. First, Fig. 3 . The level of total glutathione in 15-week-old tobacco transformants grown in soil in a growth chamber. The first fully developed leaves (fourth-fifth from the apex) were cut from each plant and immediately used for the assay according to the method of Griffith (1980) . The average values with standard deviations for the groups of transformants are shown. The numbers of independent lines in the groups varied: Control, two independent control lines (non-transformed and transformed with an empty vector); RCEK (bacterial OASTL and wt SAT targeted to chloroplasts), one line; RCK (bacterial OASTL targeted to chloroplasts), one line; RCE (bacterial wt SAT targeted to chloroplasts), three lines; CEMK (bacterial OASTL and mutated SAT targeted to cytosol), two lines; CEK (bacterial OASTL and wt SAT targeted to cytosol), one line; CK (bacterial OASTL targeted to cytosol), five lines; CEM (bacterial mutated SAT targeted to cystosol), two lines; CE (bacterial wt SAT targeted to cystosol), three lines. Each individual plant was assayed in triplicate. The statistical analysis (t-test with separate variance estimates) was performed to estimate the significance of the difference in the mean values between the transgenic lines and the control. The following P values were obtained: RCEK, 0.003 (N=3); RCK, 0.018 (N=3); RCE, 0.007 (N=12); CEMK, 0.002 (N=8); CEK, 0.009 (N=4); CK, 0.004 (N=20); CEM, 0.148 (N=8); CE, 0.024 (N=12), Control (N=7) . N, number of individual plants.
the 'chimeric' promoter (Ni et al., 1995) used for cysE expression in the CE, CEM, and RCE transformants is not stable over future generations. Second, the high SAT activity and excess of thiols (or excess of OAS) produce unfavourable conditions for the plants, particularly when the highly active enzyme is present in the cytosol. Therefore, such plants are under pressure to reduce expression of the transgenes. The expression of the mutated isoform of SAT (Met 265 Ile) in the cytosol is much less harmful, since this isoform is not only less sensitive to the feedback inhibition by cysteine but also is much less active (Nakamori et al., 1998) .
Concluding remarks
Increasing the plants potential for sulphate assimilation into cysteine, and subsequently into glutathione, by the elevation of SAT and OASTL activities and by the elimination/ modification of the intrinsic regulatory mechanisms has been a goal for several independent groups. Such plants are important for basic research since they can help understanding of the regulatory aspects of the pathway. They can also be useful from the biotechnological point of view since they can potentially be applied for the phytoremediation of soil and water or might have an environmental advantage in some conditions, for example, they can be more tolerant to stresses. However, it must be kept in mind that glutathione, the most abundant thiol-containing compound, has numerous roles in the cell, not only in sulphur metabolism but also in stress defence and maintaining of the appropriate redox state of the cells. Therefore, plants tightly control its level and have the mechanisms responsible for counteracting the unfavourable changes.
The concept of increasing the sulphur flow in plants through raising the activity of SAT in various cellular compartments of plants agrees with the current model of the cysteine synthase complex and the observation that SAT is limiting for cysteine production. On the other hand, elevation of thiol levels was also achieved in the OASTLoverproducing transformants. This effect is somewhat unexpected, assuming that, in most cellular compartments, the OASTL/SAT ratio is high. It means that all the players involved in the regulation of cysteine biosynthesis in plants are not known and that the current models require adjustment.
